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ABSTRACT

The protein YbiV from Escherichia coli K12 MG1655 is a hypothetical protein with

sequence homology to the haloacid dehalogenase (HAD) superfamily of proteins.  Although

numerous members of this family have been identified, the functions of few are known.  Using

the crystal structure, sequence analysis, and biochemical assays, we have characterized ybiV as a

HAD phosphatase.  The crystal structure of YbiV reveals a two domain protein, one with the

characteristic HAD hydrolase fold, the other an inserted a/b fold.  In an effort to understand the

mechanism we also solved and report the structures of YbiV in complex with beryllofluoride

(BeF3
-) and aluminum trifluoride (AlF3) which have been shown to mimic the phosphorylated

intermediate and transition state for hydrolysis, respectively, in analogy to other HAD

phosphatases.  Analysis of the structures reveals the substrate binding cavity, which is

hydrophilic in nature.  Both structure and sequence homology indicate ybiV may be a sugar

phosphatase, which is supported by biochemical assays which measured the release of free

phosphate on a number of sugar-like substrates.  We also investigated available genomic and

functional data in an effort to determine the physiological substrate.
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INTRODUCTION

Members of the haloacid dehalogenase (HAD) superfamily of enzymes comprise a large

and diverse set of hydrolases found in the genomes of bacteria, archaea, and eukarya.   This

family includes phosphatases, phosphonatases, P-type ATPases, b-phosphoglucomutases,

phosphomannomutases, and dehalogenases, which are involved in cellular processes ranging

from amino acid biosynthesis to detoxification.1-2   Although sequence identity across the entire

HAD family is less than 15%, members share three conserved sequence motifs and a common

catalytic mechanism, involving the formation of a covalent intermediate.2-3

Several members of the phosphatase/phosphohydrolase class of HAD proteins have been

identified.  In these proteins, a conserved aspartic acid residue serves as the nucleophile in the

phosphotransfer reaction, resulting in the formation of a phospho-aspartate intermediate.3  HAD

phosphatases are identified by three unique motifs that are conserved in sequence and spatial

proximity in the structures.  In motif I, DXDX(T/V), the first aspartate forms the phospho-

protein indermediate.  In Motif II, S/TXX, the conserved serine or threonine is involved in

hydrogen bonding to the phosphoryl oxygen. Motif III, K-(X)18-30 (G/S)(D/S)XXX(D/N), is

involved in phosphoryl oxygen hydrogen bonding and coordination of the magnesium ion

required for activity.3-4

Several HAD member structures, including a calcium pump ATPase from rabbit 5, b-

Phosphoglucomutase (PGM) from Lactobacillus lactis 6, YrbI (a 3-Deoxy-D-manno-

octulosonate 8-phosphatase) from Haemophilus influenzae 7-8, phophonoacetaldehyde hydrolase

(PhnX) from Bacillus cereus 9, L-2 Haloacid Dehalogenase (L2H) from Pseudomonas sp. YL 10,

TM0651 (a putative carbohydrate phosphatase) from Thermotoga maritima 11, human

mitochondrial deoxyribonucleotidase (HMD) 12, and a recently identified phosphoglycolate
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phosphatase (PGP) from Thermoplasma acidophilum 13 have been solved by x-ray

crystallography.  Phosphoserine phosphatase (PSP) from is the most extensively studied of the

HAD phosphatases, with its reaction pathway having been mapped out crystallographically (M.

jannaschii).4,14  All the HAD structures reveal a hydrolase domain consisting of an a/b Rossman

fold that brings the conserved motifs together in the active-site.  The structures also reveal

inserted or “cap” domains of divergent sequences and sizes that confer specificity on the

enzymes and result in the diverse substrate range.1,4,9

An analysis of the size and placement of these cap domains reveals three distinct classes.1

The first includes proteins that contain an inserted domain after Motif I, the second includes a

large inserted domain after Motif II, and the third contains little to no inserted domain.  PSP, b-

PGM, and HMD belong to the first class and all the structures reveal an inserted domain

composed of a 4 or 5 helix bundle.6,12,14  Several proteins have been identified as belonging to

the second class, including trehalose and sucrose phosphatases and two proteins, TM0651 and

PGP, for which structures have recently been solved.11,13   The third class has the fewest

members and includes histidinol phosphatase and magnesium dependent kinase I.1  Despite the

classification of hundreds of proteins as putative HAD phosphatases, the physiological functions

of few have been pinpointed.

The genome of Escherichia coli K12-MG1655 (E. coli K12) provides the best available

backdrop with which to investigate the global function of one of these uncharacterized HAD

phosphatases.  It is the best characterized organism in terms of genomic annotation, the mapping

of its metabolic and biosynthetic pathways, and understanding of the elements that govern

transcriptional regulation.  Numerous centers are devoted to the systematic classification and

functional annotation of every gene (PEC, http://www.shigen.nig.ac.jp/ecoli/pec,
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http://www.genome.wisc.edu/, Ecogene, http://bmb.med.miami.edu/Ecogene/EcoWeb, Ecocyc

http://www.ecocyc.org/, RegulonDB).15-18  HAD phosphatases also appear to be particularly

abundant in bacteria.  E. coli K12 contains at least 9 of the type II class, with only one, otsB, a

trehalose phosphatase, having an experimentally verified function 19

(http://www.shigen.nig.ac.jp/ecoli/pec.)

Here we report the characterization of the gene product from  E.coli ybiV (b0822).  YbiV

belongs to the typeII class of HAD proteins, contains the conserved HAD motifs, and is a HAD

phosphatase.  We have investigated its function and mechanism using crystallographic,

biochemical, and bioinformatics tools.  In particular, we have solved the structure of YbiV in

complex with beryllium fluoride (BeF3
-) and aluminum fluoride (AlF3), as stable mimics of the

phosphorylated intermediate and transition state for hydrolysis, respectively.  In both PSP and

the bacterial receiver domains CheY and NtrC (related to HAD proteins by circular permutation),

the BeF3
- adduct has been shown to closely resemble the phospho-protein intermediate, binding

occurring in the active-site in a geometry similar to the phosphoryl group.4,20

MATERIALS and METHODS

Materials

Oligonucleotide primers for constructing the non-his tagged YbiV were purchased from

Operon (Emeryville, CA).  The Enzcheck Phosphate Assay (Molecular Probes) was used for

kinetic studies.  Reagents for cloning were purchased from New England Biolabs, Novagen, or

Invitrogen.  Other materials for expression, purification, and crystallization were purchased from

Sigma, Amersham Biosciences, and Quiagen.
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Cloning

The his-tagged construct of YbiV was created by insertion of the gene (obtained by PCR

amplification of E. coli K12) into the pRSETA vector (Invitrogen) between the BamH1 and

HindIII sites.  Crystallization of the his-tagged YbiV did not yield high-quality crystals.  A non

his-tagged construct was cloned into a pET21d vector (Novagen.)  The NcoI site in pET21d

resulted in a serine to alanine mutation at position 2.  A single base mutation in the region

covered by the reverse primer resulted in a serine to tyrosine mutation at residue 267.  This

mutation occurs after the last helix in YbiV and is 3 residues from the end of what could be

visualized in the electron density map.  Both structural comparisons and the retention of para-

nitrophenyl phosphatase activity indicated this mutation did not significantly affect the structure

or activity of the protein.  All the reported activity assays were performed on the his-tagged

construct of YbiV which contained the published sequence in addition to the histidine tag 15.

Expression and Purification

The his-tagged construct was expressed in BL21(DE3) cells grown overnight at room

temperature and purified by Ni-NTA agarose according to the Qiagen procedure.  The pET21d

construct was expressed in BL21(DE3) containing the plasmid pACYC.  Expression was

induced by addition of 1mM IPTG at an O.D. of 0.6-0.8.  The cells were grown overnight at 37º

C and harvested by centrifugation.  The cells were resuspended in 50 mM Tris pH 8.0, 50mM

NaCl, 1mM DTT, and 200 mM PMSF, lysed by sonication and centrifuged.  The resulting

supernatant was applied to a DEAE column, and the flow through applied to a Q column

(Amersham Biosciences).  Both columns were pre-equilibrated with 50 mM Tris pH 8.0, 25 mM

NaCl.  The flow through from both columns was concentrated and applied to a Sephadex-75

sizing column in 50 mM Tris, pH 8.0, 500 mM NaCl, 1mM EDTA, and .02% NaN3.  The
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purified protein was dialyzed against 50mM Tris pH 7.4, 100mM NaCl, and 1mM DTT, and

concentrated to ~20 mgs/ml.  Glycerol was added to 5%.  Selenomethionine containing protein

was grown according to published procedures and treated the same as native protein 21.

Crystallization and Data Collection

Crystals of YbiV were obtained using the hanging drop method.  For the “native” protein,

(referred to henceforth as protein crystallized without beryllium or aluminum fluoride) 2ml of

concentrated protein solution were mixed with 2ul of reservoir solution, which contained 0.1M

cacodylic acid (pH 5.3), 0.2 M sodium acetate, and 15 % (w/v) PEG 8k.  Large crystals appeared

within hours.  For AlF3 and BeF3
- derivatized protein, MgCl2 was added to the protein solution to

5mM Mg2+ and allowed to incubate, while BeCl2 or AlCl3 were combined with a 5x molar

excess of NaF.  These mixtures were added to the protein solution to a final concentration of

2mM.  Crystals formed under the same conditions as the native protein but appeared in a couple

of days.  Selenomethionine derivatized protein crystallized under the same conditions but at

higher PEG concentration (18%).  Glycerol was used as a cryoprotectant (added to a final

concentration of 20%) and the crystals were flash frozen in liquid nitrogen before data collection.

All crystals belonged to the space group P212121, had similar cell dimensions, and contained 4

protein molecules per asymmetric unit (see Table I.)

All data were collected at the Advanced Light Source on Beamlines 5.0.2 and 8.3.1.

These beamlines are equipped with ADSC Quantum4 CCD Detectors.  Data processing and

scaling were carried out using HKL2000, DENZO, and SCALEPACK.22

Structure Determination

The structure of YbiV was initially solved using three wavelenth MAD data from

selenomethionine derivatized protein, from crystals that diffracted to 2.8 Å.  The protein
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sequence contains 8 methionines and 32 sites were expected based on four monomers per

asymmetric unit.  25 of the 32 sites were found by the program SOLVE and refined using the

program SHARP.23-24  The native and SeMet data were merged with the phases found from

SOLVE and the program RESOLVE was used to improve the phase, for automated model

building, and density modification.25-26  The model produced by RESOLVE was largely

complete and was fully completed by manually adding residues according to the 2Fo-Fc density

map produced by the program CNS, and visualized using the program O.27  After model building

the structure was refined against the native data using the program CNS.28  Non-crystallographic

symmetry averaging was employed until the final stages of refinement, when the NCS restraints

were relaxed and each molecule was refined individually.  For the AlF3 derivatized protein, the

native structure was used as a starting model and refined against the AlF3 reflections using CNS.

Any differences in the structures were adjusted manually to fit the AlF3 2Fo-Fc map, including

the placement of alumimum fluoride in the active-site.  For the BeF3
--derivatized protein, the

molecular replacement protocol in CNS found three of the molecules and the fourth molecule

was located manually after some refinement and examination of the 2Fo-Fc map.  Refinement of

the structures was carried out by manual adjustment followed by minimization using CNS.

Ordered water molecules were picked using an automated script in CNS and then manually

inspected.

Structure Analysis and Representation

Analysis of the structure quality was done using procheck from the CCP4 suite of

programs.29  Figures were made using Molscript, Raster3D, and Pymol.30-32
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Phosphatase Assays

The ability of his-tagged YbiV to catalyze the dephosphorylation of various compounds

was measured using the Enzchek Phosphate Assay (Molecular Probes) adapted to a 96-well plate

format.  YbiV reactions were carried out in plate wells at room temperature in a total volume of

50 mL.  Reactions were initiated by addition of substrate (15 mM) to a solution containing YbiV

(0.024-3.0 mM) in 50 mM MES, pH 5.4, 10 mM MgCl2.  After 30 minutes, 200 mL of

quench/assay reagent [270 mM Tris, pH 7.5, 27 mM EDTA, and Enzchek assay components

MESG (270 mM) and purine nucleoside phosphorylase (1.5 U/mL) was added and mixed by

repeated pipetting.  For each substrate, a control reaction lacking YbiV was run in an identical

fashion.  Each plate also contained phosphate standards (0-300 mM in 50 mL reaction buffer).

After fifteen minutes incubation with quench/assay reagent, absorbances at 360 nm were read

using a Molecular Devices Spectramax 340 plate reader.  All samples were run in triplicate and

the values averaged.  For each substrate, the rate of YbiV-dependent phosphate release was the

difference between the rate for the YbiV-containing reaction and the control lacking YbiV.  For

several substrates, substrate concentration was varied (1-50 mM) and double reciprocal plots

used to deduce Km and kcat values.

RESULTS and DISCUSSION

Quality of the Models

The structures of the native, BeF3
- and AlF3 bound YbiV were refined to 1.9, 2.0, and 2.2

Å, respectively, with pdb accession codes 1RLM, 1RLO, and 1RLT.  Statistics for the data

collection and refinement are given in Tables I and II.  All the models were complete except for

the first and or second residues, and the last residue.  Regions of higher B-factors were located

around loops (residues 151-161), and in turns (residues 178-181), and at the termini, depending
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on crystallographic contacts present for a particular molecule in the asymmetric unit.   The final

models included magnesium ions, glycerol molecules, and water molecules.  Beryllium or

aluminum trifluoride were clearly visualized in the active-sites of those protein molecules whose

crystallization buffers contained those additives.

Overall Structure and Structural Comparisons

The crystal structure of YbiV reveals a two domain protein, the characteristic hydrolase

domain with an a/b Rossman fold, and an a/b domain corresponding to the inserted domain

(figures 1A and 1B).  At the interface of the two domains is the active-site, which forms a

negatively charged cavity (figure 1C).  The hydrolase domain consists of a 6 stranded parallel b

sheet surrounded by 6 alpha helices. The sheet is extended by a b hairpin the end of which leads

to the inserted domain.  The inserted domain occurs between Motifs II and III (as expected from

sequence analysis) and extends from residues 80-190.  The inserted domain contains a 6 stranded

mixed b sheet surrounded by 3 a helices.

The topology of  YbiV is very similar to that of TM0651, which has an unknown

function but is speculated to have carbohydrate substrate(s).11  When the full structures of

TM0651 and native YbiV are overlayed, the Ca rmsd is ~ 1.85 Å, with the hydrolase domains

appearing slightly offset.  If the domains are detached and overlayed independently, the rmsd

reduces to 1.6 Å for the inserted and 1.3 Å for the hydrolase domains.  This indicates that there

may be some flexibility in the relative domain orientation depending on the state of the protein, a

trait attributed to other HAD phosphatases.4,13  More generally, the structures of these two

proteins are probably representative of many of the type II class of HAD hydrolases, with

specificity achieved by altering the composition of the residues that line the inserted domain.
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A search for structurally similar proteins on the DALI server yielded many other HAD

hydrolases and proteins that contain the Rossman fold.33  The proteins with the highest Z-scores

were YrbI and PSP.  Despite differences in the placement, size, and topology of the cap domains,

the hydrolase domains of YbiV, YrbI, and PSP overlay with an r.m.s.d of 1.5 Å, reflecting the

strong structural conservation of this domain among HAD proteins (figure 1D).7,14

Inserted Domain and Substrate Binding

In all 4 monomers of the native YbiV crystals, at least one glycerol molecule is bound in

the inserted domain in a hydrophilic cavity, forming several hydrogen bonds with residues that

line the cavity.  This is likely the binding pocket for the true substrate.  Hydrogen bonds to the

glycerol hydroxyls originate from inserted domain residues Tyr 130, Ser 150, Ser 178, and Asp

184, and hydrolase domain residues Asn 46 (Motif II) and Asn 68 (figure 2A).  Lys 148 forms

the back of the cavity, hydrogen bonding to the carbonyl of Gly 45 (Motif II) and forming a salt

bridge with Glu 67.  These residues line both sides of the cavity and suggest that a substrate with

several polar groups is most likely to bind in it.

As in native crystals, there are 4 molecules per asymmetric unit in the AlF3 and BeF3
-

bound structures.  In each of these, two molecules very closely resemble the native structures,

including the glycerol molecule bound in the inserted domain.  In the other two molecules in

each case, however, Phe 180 in the turn between strands 10 and 11 shifts over to stack against

His 129, effectively closing off the inserted domain pocket.  This shift tilts helix 5 out and

slightly changes the orientation of strands 10 and 11 but otherwise leaves the structure

unperturbed (figure 2B).  This stacking interaction may be a means of preventing substrate from

binding while the protein is phosphorylated.  Analogously, a flexible hinge and disordered loop



13

in PSP clamp and order over the active-site in the phosphorylated, substrate, and product-bound

states.4

Active-Site Architecture

Native Active-Site

A common feature of HAD phosphatases is the negatively charged environment of the

active-site.11,13  In each of the native, beryllofluoride, and aluminum-fluoride bound structures of

YbiV, this negative charge is tempered by the presence of a magnesium ion and several ordered

water molecules that form an extensive hydrogen bonding network.  For the native YbiV, no

additional magnesium was added to the protein purification or crystallization buffers, indicating

the ion co-purified with the protein.

In the native structure the Mg2+ ion is hexacoordinate with Asp 9 (the site of

phosphorylation), the carbonyl of Asp 11 (Motif I), Asp 215, Ser 216 (Motif III) and watA and

watB (figure 3A) as ligands.  Lys 192 forms a salt bridge with Asp 219 (Motif III) (2.5 Å).  Wat

C hydrogen bonds to the carboxyl of Asp 11 while watD bridges Asp 9 and Ser 44 (Motif II.)  As

might be expected from sequence and structural conservation, the active-sites of HAD

phosphatases are highly superimposable.  Despite differences in sequence around Motif III, the

active sites of magnesium-bound YbiV and cobalt bound YrbI superimpose well (figure 3B).7

BeF3
- Bound Active-Site

Both response regulators and HAD phosphatases share the Rossman fold and use an

active-site aspartate as the site of phosphorylation.  In the response regulators NtrC and CheY,

beryllofluoride (BeF3
-) has been shown to bind the active-site aspartate in a tetrahedral geometry

similar to the phosphoryl group.  Functional studies indicate that BeF3
- binding induces the same

conformational changes as phosphorylation and leads to downstream signalling.20  This indicates
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that BeF3
- both structurally and functionally mimics the phosphorylated state.  Among HAD

phosphatases, BeF3
- bound structures have been solved for both PSP and HMD in an effort to

better understand their reaction pathways.4,12

The 2Fo-Fc map of the beryllofluoride-bound active-site of YbiV reveals density

corresponding to the 3 fluorines, which, together with O2 of Asp 9, form a tetrahedral structure

around the beryllium (figure 4A).  The magnesium ion is coordinated by F1, the carbonyl of Asp

11, Asp 215, watA, watB (which mediates coordination by both Ser 216 and Asn218) and Asp 9.

F2 forms long hydrogen bonds to Lys 192 (2.80 Å), Asn 218 (3.00 Å) (Motif III), and the amide

of Gly 45 (Motif II) (3.10 Å).  F3 is hydrogen bonded to Ser 44 (Motif II) (2.60 Å).  WatC,

coordinated by the carbonyl of Ser 178 from the inserted domain and the carboxyl of Asp 11

(2.70 Å), is collinear with both the beryllium and O2 of Asp 9 at a distance of 3.50 Å  (figure

4B).  This active-site geometry is very similar to that seen in the BeF3
- bound active-site of PSP.

As in that structure, watC is in an ideal position to act as the hydrolytic water molecule, activated

by the carboxylate of Asp 11 which acts as a base.4

AlF3 Bound Active-Site

The AlF3-bound active site is very similar to that with the BeF3
- bound (figure 4C).  The

hydrogen bond distance between Ser 44 and F2 has increased slightly from 2.6 Å to 3.0 Å.  The

largest changes occur around the aluminum fluoride.  The distance from O2 of Asp 9 to the

aluminum increases while the distance from watC to the aluminum has shortened significantly

(from 3.4 to 2.3 Å.)  This reflects the intermediate (planar) state of the phosphoryl group as it is

hydrolyzed and agrees well with a recent structure which trapped a putative pentavalent

phosphate intermediate of phospho-glucomutase (though an alternative explanation of the

density as MgF3
- has been proposed).34-36
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Mechanism

The structure of YbiV in its native, BeF3
-, and AlF3

- bound forms suggests that YbiV

shares a similar mechanism for phosphotransfer as the best characterized HAD phosphatase,

PSP.  The YbiV structures all contain the physiologically relevant Mg2+ ion that orients the HAD

active-site motifs and facilitates subsequent binding of the phosphate group of the substrate.  The

binding of one or more glycerol molecules in the inserted domain reveals the substrate binding

pocket, which is hydrophilic in nature.  When the substrate is properly oriented in the active-site,

Asp 9 nucleophilically attacks the phosphate group which results in protein phosphorylation.

The phosphorylated intermediate is stabilized by coordination by Lys 192 (motif III), the amide

of Gly 45 (motif II), and Mg2+.  At this point, the substrate likely acquires a proton either from a

water molecule or a residue in the active-site and is released.  In the absence of substrate Phe 180

shifts over to stack against His 129 on the opposite side of the inserted domain.  This effectively

closes off the substrate binding pocket while the protein is phosphorylated.  A water molecule

coordinated by the carbonyl of Ser 178 and the carboxylate of Asp 13 likely acts as the

hydrolytic molecule after having a proton extracted by Asp 13.   This is supported by the BeF3
-

and AlF3- bound structures which mimic the phosphorylated state of the protein, and the

transition state of hydrolysis, respectively.

Sequence Comparison

A PSI-BLAST search of YbiV yields hundreds of hits from putative HAD hydrolases.37

The highest scoring sequences (from 99 % to 51 % identity) are from closely related organisms

(Salmonella typhimurium, Shignella flexneri, other E. coli strains) and include another protein

from E. coli K12, YbjI.  A sequence alignment of YbiV with homologs of varying degrees of

sequence similarity is shown in figure 5.
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Although many of the absolutely conserved residues in the alignment stem from the

active-site-motifs, a careful inspection of the YbiV sequence alignment reveals that many of the

residues lining the inserted domain are completely or strongly conserved among the closest

homologs of YbiV (first 6 sequences in the alignment), indicating their potential functional

relevance.  These include residues N46, E67, N68, Y130, K148, S178, and D184, which are all

involved in glycerol binding or structural integrity of the inserted domain (i.e. K148-E67

forming the back of the inserted domain cavity.)  This suggests perhaps structurally similar

substrates for these proteins.  Although the two residues involved in the stacking interaction, Phe

180 and His 129, are not strictly conserved in the closest homologs, they are conserved as

aromatic residues with YbjI from E. coli K12 as the lone exception.

The alignment also indicates factors that may alter substrate specificity.  For instance

S150 of YbiV, which lines the inserted domain and forms a hydrogen bond to glycerol, is

replaced by a glycine in YbjI, resulting in less hydrogen-bonding potential.

After these highest scoring hits come hundreds of other type II hydrolases from bacteria,

ranging in sequence identity from 20-40% with YbiV.  Most of these proteins are classified as

belonging to the COF-subfamily of typeII hydrolases, all predicted to have similar inserted

domain topology to YbiV (family classifications: TIGR00099 www.tigr.org and IPR000150

www.ebi.ac.uk/interpro.)  Proteins belonging to this subfamily are almost exclusively present in

bacteria.  E. coli K12 has 6, Listeria monocytogenes EGD-e has 12, Lactococcus lactis subsp.

lactis has 8, etc.  The COF-subfamily is a subset of subfamily IIB (TIGR01484, IPR006379).

Other subfamilies of IIB include trehalose-phosphatases, sucrose-phosphate phosphatases,

eukaryotic phosphomannomutases, and YedP hydrolase (a putative mannosyl-3-

phosphoglycerate phosphatase).38  Connections between these subfamilies are evident in the
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albeit-lower scoring hits of the PHI-Blast search of YbiV, which include sucrose and trehalose

phosphatases.  The remaining four sequences in the alignment include sucrose phosphatase from

maize 39, trehalose phosphatase from E. coli K12, and Cof and YbhA, two of the remaining 4

predicted type IIB hydrolases from E. coli K12 (figure 5).  It is clear that YbiV is more distantly

related to these proteins.  However, the overall homology in the placement of the motifs and

sequence length is quite strong, indicating their structures are likely similar.  Gaps in sequence,

corresponding to secondary structure in the inserted domain, may indicate differences in the

inserted domain topology, particularly for sucrose and trehalose phosphatases.

Catalytic Activity

Potential substrates for YbiV were tested in in vitro assays and ranked according to the

rate at which inorganic phosphate (Pi) was released relative to the best substrate tested (Table

III).  YbiV had negligible activity towards phosphoserine, phosphothreonine, and

phosphocreatine, some of the first substrates tested.  The hydrophilic nature of the inserted

domain (as revealed by the structure and bound glycerol) led us to try substrates with several

polar groups.  Glycerol-1-p and glycerol-2-p were hydrolyzed appreciably, with glycerol-1-p

being hydrolyzed slightly faster.  The best substrates in our test panel were ribose-5-p and

glucose-6-p.  Other sugar molecules, including 2-deoxy-glucose-6-p, mannose-6-p, and fructose-

6-p are hydrolyzed appreciably, further indicating a terminal sugar phosphate as a likely

candidate for the substrate.  Sucrose-6-p and glucose-1-p hydrolyzed very poorly in comparison

to the other substrates.  Sucrose-6-p is a two-ringed sugar molecule that is too large to be

accommodated in the active-site.  Though glucose-1-p is also a terminal sugar phosphate, steric

clashes made by placing C6 towards the top of the inserted domain may prevent it from being

hydrolyzed.  The other possible explanation is that this molecule cannot ring open to a linear
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form, as opposed to glucose-6-p and ribose-5-p, which can.  Particularly in their linear forms,

these molecules fit nicely into the active-site, with approximately the correct length necessary to

reach Asp 9 and form hydrogen bonds on either side of the cavity (figure 6).  This suggested to

us a linear sugar as a candidate for the substrate, though glucose-6-p and ribose-5-p are

predominantly in their cyclized form in solution.  Although 6-p-gluconate is linear, it hydrolyzed

poorly, which may reflect the inability of the inserted domain to accommodate a molecule with a

negative charge due to electrostatic repulsion with Asp 184.  Sorbitol-6-p which is linear and

differs from glucose-6-p only in the replacement of a carbonyl oxygen with a hydroxyl was also

appreciably hydrolyzed, though about 5 times less rapidly than the best substrate, ribose-5-p.

Thus, a cyclic sugar cannot be definitively ruled out as a possible substrate.

The kinetic constants (kcat and Km) were analyzed for ribose-5-p, glycerol-1-p, and

glycerol-2-p (Table III).  We observe values for Km and kcat ranging from approximately 4-6mM

and 1-4 s-1, respectively.  This is very similar to the range of kinetic constants observed when

YrbI from H. influenzae was first tested for phosphatase activity.7  However, a later study, which

isolated 3-deoxy-d-manno-octulosonate 8-phosphatase activity from E. coli K12 (an activity

previously unassociated with a specific gene) identified the source of activity as YrbI, with

kinetic constants Km and kcat of 75 mM and 175 s-1, respectively.   These constants better reflect

the high specificity typically associated with enzymatic activity.8  Although the likeliest

interpretation of the kinetic data is that the physiological substrate of YbiV has not been found,

the possibility still exists that some enzymes may be designed to have poorer binding and/or

catalytic efficiency as a means of regulating activity.
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Genomic Location and Functional Genomics

Often genes that are functionally related are grouped within the genome or belong to the

same transcriptional unit or operon.  For instance, otsB, the E. coli K12 gene for trehalose

phosphatase is in the same operon as otsA, the trehalose synthetase gene

(http://www.ecocyc.org/).  YbiV (b0822) is surrounded by genes that are seemingly diverse in

nature, and is not predicted to form part of an operon (RegulonDB).18  Surrounding genes encode

proteins that are annotated as putative ABC transporters (b0820), unidentified (b0821), pyruvate

formate lyase (b0823), pyruvate formate lyase activator (b0824), and the start of the

molybdenum uptake operon (b0826) (http://bayesweb.wadworth.org/binding_sites).40  Ten genes

upstream is the dps gene (b0812), a global regulator under starvation conditions

(www.ecocyc.org).17  While it has been shown that genes of diverse functions may belong to the

same operon, the above information does not provide many clues to the function of YbiV.41

We also looked at genomic location of genes with gene products of > 20% sequence identity to

YbiV (YigL, YbjI, Cof, YidA, YbhA).  Many were in similarly diverse regions except for YbhA,

the last gene in the molybdenum uptake operon.  Interestingly, YbjI (b0844) (50% identity to

YbiV) is located 22 genes downstream of YbiV, in a region with genes involved in the DEOR

(deoxyribose) metabolic pathway (http://www.shigen.nig.ac.jp/ecoli/pec.)

Another genomics based tool for functional discovery is that of functional genomics.  The

two main approaches to functional genomics are monitoring expression levels of all genes in

response to different external conditions, and making a knockout of each gene and determining

the phenotype.42-44  The first type of experiment typically reports the ratio of mRNA transcripts

present in response to growth conditions (different growth media, knockouts of transcription

factors, regulators, stationary growth phase, etc.) compared to a control condition.  Results under
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different conditions can be clustered to group genes that might be involved in related pathways.

Although universal standards for the interpretation of DNA microarray data are not yet available,

such experiments have already proven useful in identifying the cellular functions or pathways of

proteins of unknown function.45 The second approach assesses the ability of a knockout to grow

on many different types of media (sugars, amino acids, etc.).  Both the ability to grow and the

speed at which the cells propagate can be monitored colorimetrically and can be compared to

wild-type cells 42.  This methodology has been validated by work on knockouts of “global

regulators of carbon metabolism”.  Systematic mutagenesis of every E. coli K12 gene is

underway and each strain will be subjected to this type of analysis

(http://www.genome.wisc.edu/).  Series of multi-gene knockouts have already determined genes

or regions required for E. coli survival, and these studies indicate that b0822 is not essential

(http://www.shigen.nig.ac.jp/ecoli/pec.)

In the case of YbiV, published microarray data have not revealed a condition in which

expression of YbiV is greatly induced or suppressed.  (Among homologous proteins, the protein

YidA is slightly upregulated during growth on glucose.46)  Although access to unpublished “raw”

microarray data is becoming increasingly available, it is difficult to judge how meaningful

changes in expression are or define a “threshold” for up or down regulation without a full

statistical analysis.  Even so, unpublished, calibrated microarray data from

www.genome.wisc.edu/functional.htm shows an increase in ybiV mRNA production upon

mutation of the cAMP Receptor Protein, CRP (a ubiquitous cyclic AMP receptor and global

regulator of secondary carbon metabolism).42,47,48  Further investigation reveals a CRP binding

site 56 bp upstream from the start of ybiV, in a noncoding region 49

(http://arep.med.harvard.edu/ecoli_matrices/sco/crp.dba).  This combination of results suggests
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CRP is involved in the regulation of expression of YbiV but it is difficult to glean more specific

information from this finding.

The lack of significant enhancement or suppression of expression of YbiV has two

possible explanations.  The most obvious is that the proper conditions for the induction of

expression have not yet been probed.  The second is that the protein, for perhaps regulatory

reasons, is constituitively expressed at low levels.

CONCLUSION

Mechanistic insights provided by the native, beryllofluoride, and aluminum-fluoride

bound structures of YbiV, sequence homology, and biochemistry indicate that YbiV is a

phosphatase with a sugar-like substrate.  Although the physiological substrate could not be

determined, the pronounced presence of homologous proteins in certain bacteria, and absence in

other branches perhaps indicate the sugars are unique to these organisms, or that the pathway

involved is unique to these organisms, and not yet discovered.  Since small molecules are

generally present and metabolically active in their phosphorylated forms, this leads to the

question of the functional significance of these reactions, whether they are regulatory (and

perhaps active at some intrinsically low rate), involved in recycling of molecules, or induced by

certain types of stress, less obvious than those that induce the synthesis of trehalose for example.

But, given the relatively close homology between the type II hydrolases present, it seems

unlikely that these are non-specific phosphatases.

The combination of genomics, structural genomics, and functional genomics are

complementary techniques.  As in this case, structure and to some extent sequence analysis

yielded a good indication of function, pinning down the nature of the reaction if not the specific

substrate.  This latter task may be much more difficult to achieve.  Selective testing of
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compounds is useful in narrowing the range of possible substrates, but high-throughput

techniques such as expression profiling and phenotypic analysis of gene knockouts may be

increasingly important in both determining the cellular substrate and its importance in the

metabolic pathways of the cell.
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Figure legends

Figure 1A.  Ribbon diagram of the structure of YbiV.  The hydrolase domain is colored in grey,

the inserted domain in blue.  The nucleophilic aspartate is represented in green, the magnesium

ion in magenta.

Figure 1B.  Secondary structure topology of YbiV colored similarly to Fig. 1A.

Figure 1C.  Overlay of the hydrolase domains of YbiV (grey), PSP (pink) and YrbI (blue.)  The

full structures of the PSP and YrbI monomers (top and bottom respectively) are shown to the

right.

Figure 2A.  Glycerol binding in the inserted domain.  The glycerol is represented in yellow, the

protein in green.   The HAD motifs are labelled.  Hydrogen bonds are represented by white

dashed lines with the respective distances labelled above (in Angstroms).  Residues with an * are

conserved among the closest homologs to YbiV.

Figure 2B.  Differences in conformation of the inserted domain in the native glycerol bound

YbiV (left), and the non-glycerol bound BeF3- YbiV (right.)  In the absence of glycerol, Phe 180

shifts over to stack against His 129, closing off the binding pocket.  The glycerol is shown in

grey and red, the magnesium ion, magenta, and the beryllofluoride (right) in purple.
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Figure 3A.  Stereoview of the native active-site of YbiV.  The magnesium ion is represented

by a magenta sphere, water molecules as blue spheres.  Hydrogen bonds are represented as

dashed lines and numbers indicate distances in Angstroms.  The active-site motifs are

labelled.

Figure 3B.  Overlay of the active-sites of YrbI from H. influenzae (green) and YbiV (blue.)  The

blue sphere represents magnesium, the green sphere, cobalt.  The residue numbers are labeled,

YbiV on the left, YrbI on the right.

Figure 4A.  2Fo-Fc electron density map of the BeF3- bound active-site of YbiV.  The

magnesium is colored in magenta, water in red, and the beryllofluoride in yellow.

Figure 4B.  Stick diagram of the active-site of beryllo-fluoride bound YbiV.  The beryllium and

fluorines are represented in yellow, the active-site motifs in green and Ser 178, from the inserted

domain, in grey.  Nitrogens and oxygens are blue and red, respectively.  Dotted lines represent

hydrogen bonds, with the corresponding distances labelled in Angstroms. Water molecules are

represented by blue spheres, the magnesium ion by a magenta sphere.

Figure 4C.  Stick diagram of the aluminum fluoride bound active-site of YbiV.  The aluminum

fluoride is represented in yellow.  Colored similarly to figure 4B.

Figure 5.  Sequence alignment of YbiV and its homologs, YbjI from E. coli, ECYBJI-P75809,

YbiV and YbjI from Salmonella typhymurium (STYBIV-CAD05288 and STYBJI-AAL19778),
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and proteins from Lactobacillus gasseri (LACG-ZP_00046022 ), Listeria monocytogenes (LIST-

NP_463949), cof (NP_414980) and YbhA (NP_415287) from E. coli K12, sucrose phosphatase

from maize [38] (ZMSPP) and trehalose phosphatase (otsB, NP_416411) from E. coli.  179

residues are omitted from ZMSPP for clarity.  Fully conserved residues are white with black

background, conserved are white with dark grey background, and alike are black with light gray

background.  The secondary structure for the hydrolase domain (black) and inserted domain

(grey) is indicated over the alignment.  Triangles note the residues involved in glycerol binding

and/or line the inserted domain cavity.  Arrows note the residues involved in the stacking

interaction.  Figure made with Texshade.50

Figure 6.  Ribose-5-phosphate (grey), the best performing substrate, modeled into the inserted

domain of YbiV.  The magnesium ion is represented by a magenta sphere.
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Table I

Data Collection Statistics

Dataset Native BeF3
- AlF3 l1

(MAD)
l2 l3

Wavelength (Å) 1.000 1.000 1.000 .97872 .97890 .96373
Space Group P212121 P212121 P212121 P212121

unit cell (Å) a 71.82 72.28 71.76 72.05
                b 91.60 91.19 91.17 91.76
                c 186.56 176.41 183.85 187.02

Resolution (Å) (20-1.9) (50-2.0) (50-2.2) (20- 2.8) (20- 2.8) (20- 2.8)
Completeness 98.6(98.3) 100(100) 99.7(100) 98(92.8) 98(94) 97(93)
I/s 23.5(4.5) 35(13) 31(5) 18(4.7) 19(6.3) 16(3.6)
Rsym a (%) 7.6(22.4) 11.2(10.8) 8 (25) 12.4(55.6) 10.6(38.5) 12.4(65.9)
Unique  Refl. 96340 78528 61606 30807 30668 30741

a Rsym = _ |Ii - < Ii >|/_Ii
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Table II
Phasing and Refinement Statistics

Phasing

Resolution Range Peak Edge Remote All
20-2.8 Å

Rcullis (iso)a 0.633 0.738
Rcullis (ano)b 0.612 0.682 0.739

FOM (acen/cen) 0.67/0.43

a Rcullis (iso) = _|Diso(obs)- Diso(calc)|/ Diso(obs) for centric reflections
b Rcullis (ano) = _|Dano(obs)- Dano(calc)|/ Dano(obs) for acentric reflections
 Dano(obs) is the anomalous difference

Refinement

Dataset Native BeF3
- AlF3

Resolution Range (Å) (20-1.9) (20-2.0) (20-2.2)
No. of Reflections used
          working 85387 69583 53778
           test 9467 7797 6059
R-value (%)a 21.9 21.9 22.1
Free R-value (%) 24.8 25.1 26.4
Completeness (%) (highest shell) 97.1(94.9) 98.6(97.2) 96.5(90)
Simga cutoff 0.0 0.0 0.0
RMS deviations from ideal geometry
          bond length 0.006 0.008 0.009
          angle (°) 1.6 1.5 1.8
          dihedral (°) 23.1 23.1 23.2
          improper (°) 0.99 1.06 1.22
Temperature Factors (Å2)
          Protein atoms 29.2 25.3 40.9
          Solvent            46.9 49.8 42.2
No. of atoms
          protein 8536 8532* 8516
          water 577 454 396
          Mg2+ 4 4 4
          other 36 12 32
Ramachandran plot stats (%)
          Most Favored 88.2 88.3 88.4
          Other Allowed 11.8 11.7 11.6

a R-value = _|F(obs) –F(calc)|/_F(obs)

* (includes BeF3
- atoms as part of new residue)
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Table III

Phosphatase Activity of YbiV

substrate V/[E](s-1)    % ribose-5-p

ribose-5-p 2.4 100.0
glucose-6-p 1.5 62.5
glycerol-1-p 0.59 24.6
2-deoxy-glucose-
6-p 0.54 22.5
mannose-6-p 0.48 20.0
sorbitol-6-p 0.47 19.6
glycerol-2-p 0.47 19.6
fructose-6-p 0.37 15.4
p-tyr 0.033 1.4
6-p-gluconate 0.031 1.3
sucrose-6-p 0.0097 0.4
p-ethanolamine 0.0069 0.3
glucose-1-p 0.0057 0.2
ATP 0.0013 0.1
p-ser 0.0004 0.0
p-thr 0.0012 0.1
p-creatine 0 0.0

Kinetic Constants:

kcat (s
-1) Km (mM)

     glycerol-1-p   0.9         6

     glycerol-2-p   0.5       4.5

     ribose-5-p    4         6

Table 3  Activity of ybiV towards a variety of potential substrates.  The first column, V/[E], is
velocity (mMPi/s ) divided by enzyme concentration.  The second is the relative phosphatase rate
vs. the best substrate, ribose-5-p. Kinetic constants for ribose-5-p and glycerol-1-p and glycerol-
2-p are shown below the trial substrates.
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